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Abstract 

Data taken with the ALEPH detector at LEPl have been used to search for 
77 production of the gluebah candidates /o(1500) and /j(1710) via their decay to 
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1 Introduction 



Quantum chromodynamics (QCD) predicts the existence of bound states of gluons, called 
glueballs. Lattice calculations have predicted the lightest scalar glueball to be a scalar 
resonance with mass 1600 ± 150 MeV/c^ Jl], |^ with tensor and pseudoscalar glueballs in 
the 2000 - 2500 MeV/c^ region ||. 

Experimentally two principal candidates for the scalar glueball have been observed, the 
/o(1500) and the /j(1710) (a review is given in [Q). Both are seen in gluon-rich reactions 
such as pp annihilation, central production and radiative J/ip decay. The /o(1500) does 
not fit naturally in the qq spectrum but could be due to a glueball mixed with qq states 
in that mass region 

The spin of the /j(1710) is not yet confirmed, indications for both spin 2 and spin 
have been reported If the /j(1710) is indeed spin it becomes a candidate for 

the ^Po('Ss)-like state in the 1600 — 2000 MeV/c^ region, but also for the lightest scalar 
glueball 0. 

In 77 interactions, production of a pure gluon state is suppressed. Measuring the 
two-photon width T^^ of the /o(1500) and the /j(1710), or setting an upper limit on F^^, 
should indicate whether either is likely to be a pure glueball or has quark content. The 
CLEO collaboration has recently published a stringent limit on the two-photon width 
of the /j(2220) resonance (formerly the ^(2220)) which is a candidate for the tensor 
glueball [ig. 

At the LEP e^e~ collider there is a large cross-section for inelastic two-photon 
scattering, in which each of the incoming electrons acts as a source of virtual photons. In 
this analysis, the processes 77 — > /o(1500) tt+tt^ and 77 — > /j(1710) tt+tt^ have 
been studied and upper limits extracted for T^^ ■ BTZ^n^n^) of both resonances. 

2 The ALEPH detector 

The ALEPH detector and its performance are described in detail elsewhere [0, Here 
only a brief description of the detector components relevant for this analysis is given. 

The trajectories of charged particles are measured with a silicon vertex detector 
(VDET), a cylindrical multiwire drift chamber (ITC) and a large time projection chamber 
(TPC). The three detectors are immersed in a 1.5 T axial magnetic field from the 
superconducting solenoidal coil and together provide a transverse momentum resolution 
Sp±/p± = 6 X lO'V© 0.005 {p± in GeV/c). The TPC also provides up to 338 
measurements of ionisation {dE/ dx) used for particle identification. 

Between the TPC and the coil, an electromagnetic calorimeter (ECAL) is used to 
identify electrons and photons and to measure their energy with a relative resolution of 
0.18/\/E + 0.009 {E in GeV). The luminosity calorimeters (LCAL and SiCAL) cover the 
small polar angle region, 24-190 mrad. 

Muons are identified by their characteristic penetration pattern in the hadron 
calorimeter (HCAL), a 1.2 m thick iron yoke instrumented with 23 layers of limited 
streamer tubes, together with two surrounding layers of muon chambers. In association 
with the electromagnetic calorimeter, the hadron calorimeter also provides a measurement 
of the energy of charged and neutral hadrons with a relative resolution of 0.85/ ^/E {E in 
GeV). 
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The main ALEPH trigger relevant for this analysis, for data taken in 1994 and after, 
is based on the identification of two track candidates in the ITC, with at least one track 
pointing to an energy deposit in excess of 200 MeV in the ECAL. The two track candidates 
are confirmed at the second trigger level using the TPC. For data taken before 1994, the 
analysis relies on a trigger of two ITC (and TPC) track candidates measured back-to-back 
within 11°. 



3 Monte Carlo samples 

Fully simulated Monte Carlo event samples reconstructed with the same program as the 
data have been used for the design of the event selection, background estimation and 
extraction of a limit on two-photon widths Ti^*^^^^^^^^ and F;^:^*^^'^^'^'' . Samples of the signal 
processes 77 — >• /o(1500) — > tt+tt^ and 77 /j(1710) tt+tt^ were generated using 
PHOT02 1^. Each sample was generated as a Breit-Wigner resonance of appropriate 
mass, width and spin, with the /j(1710) here assumed to be spin zero. The experimental 
resolution of the masses of both resonances is of the order of 10 MeV/c^, compared to full 
widths in excess of 100 MeV/c^. 

Expected background processes 77 e~^e~, 77 A^^/i", and 77 t~^t~ were also 
generated using PHOT02, while background from e^e~ ^ Z — r+r^ was estimated 
using KORALZ |10|- Both programs are interfaced to the JETSET [|ri[] package for 



hadronisation, while KORALZ also includes TAUOLA |T2[ for correct handling of the r 
polarisation. 



4 Event selection 

This analysis uses 160.9 pb~^ of data taken around ^/s = 91 GeV from 1990 to 1995. 
Candidate events for 77 ir'^TT" are selected according to the following criteria: 

• the event contains only two good tracks, of equal and opposite charge. Good tracks 
are defined to have at least four TPC hits, | cos^| < 0.93, where 6 is the polar angle 
with respect to beam axis, and a minimum distance to the interaction point of less 
than 8 cm along the beam axis and 2 cm in the radial direction; 

• the total energy summed over all objects reconstructed by the energy flow program 
is equal to the total energy of the two charged tracks; 

• the primary vertex is reconstructed within ±2 cm of the nominal interaction point 
along the beam axis; 

• the total energy observed in the event is less than 30 GeV and visible mass less than 
10 GeV, to exclude Z events; 

• the transverse momentum of the final state with respect to the beam axis does not 
exceed 0.1 GeV/c; 

• the absolute value of the cosine of the angle 6* between the two tracks in their 
centre-of-mass system and the boost direction is required to be less than 0.9. 
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These criteria ensure (quasi-)real photon {Q"^ = 0) colhsions, and also suppress three- 
or more body decay. 

The dominant background to the two-pion signal is the 77 fi^fj^^ process. At low 
energies, muons and pions cannot easily be distinguished from each other and the high 
cross-section for the 77 fi~^fi~ process leads to a substantial contamination of the vr+vr^ 
sample. 

To reduce background, events containing identified muons ^ are rejected. With a 
sample of 77 — > /i events generated using PHOT02, it was found that the efficiency 
of rejection is about 100% for events with invariant mass W > 3 GeV/c^. Below 
W = 3 GeV/c^, the rejection efficiency is improved by means of simple cuts on the 
fraction of energy deposited in the ECAL and HCAL, but still the rejection efficiency 
falls off rapidly, being only ~20% for IV = 1 GeV/c^. For W > 1 GeV/c^ the average 
rejection efficiency for 77 — > fj^^fi~ events is 45%. 

After muon rejection, the specific ionisation {dE/dx) of each track, measured in the 
TPC, is required to be within three standard deviations of the expected ionisation for a 
pion and more than three standard deviations from that of an electron. Separation of 
pions and kaons by dE/ dx is less efficient, but the rate of kaon pair production is low: from 
a Monte Carlo sample of /2(1525) — K~^K~ , a residual contamination of only ~0.05% 
was estimated. 

Possible background from beam-gas interactions was investigated. Constraining the 
reconstructed primary vertex position in z removes most of this background. As beam-gas 
events are uniformly distributed in z, the number of events falling outside the 2;-vertex cut 
can be used to estimate the remaining background inside the cut: beam-gas contamination 
is found to be negligible. Residual backgrounds from the processes 77 r+r^ and 
Z T^T^ are also negligible. 

A sample of 294141 tt+tt^ candidate events is selected. 



5 Fitting the mass spectrum 



The TT+TT^ invariant mass spectrum obtained is shown in Fig. |l|. The steep rise of the 
spectrum around 0.5 GeV/c^ is an artefact of the trigger efficiency. The clear peak in the 
spectrum above 1 GeV/c^ can be identified as the known tensor resonance /2(1270). No 
other structure is observed above the /2(1270) peak. 

A fit to the invariant mass spectrum is performed. For the resonances /2(1270), 
/o(1500) and /j(1710), a Breit-Wigner function of the form 



mmor(m) 



is used, where the mass-dependent width V{rn) 
the form 



away from the two-pion threshold, has 



[m] 



To — 

Vmo/ 



exp 



— m — mn 



48/52 



(2) 



and /3 = 0.4 GeV/c2 I] 



For the /2(1270) the mass mo, total width Fq and overall 
normalisation are free parameters. For the /o(1500) and the /j(1710) the normalisation 
is a free parameter, while the mass and width are fixed to 1500 MeV/c^ and 112 MeV/c^ 
for the /o(1500) and 1712 MeV/c^ and 133 MeV/c^ for the /j(1710) M. The /j(1710) is 
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Figure 1: The invariant mass distribution for two-pion final states. The error bars indicate statistical 
errors only. 



Ill 



IV 



considered here as a J = state. Although the presence of two objects in the 1700 MeV/c^ 
region has been suggested [|l^], no attempt to resolve two objects is made here. 

The background spectrum, due to 77 — > /x/i events and the tctt continuum process, is 
fitted on the data with a S*'^ order Chebyshev polynomial. 

The mass region 0.8 to 2.5 GeV/c^ is used in the fit (below 0.8 GeV/c^ the trigger 
efficiency falls to less than 20%). Four fits are performed, each including a Breit-Wigner 
for the /2(1270) and the polynomial background and then including 

(i) no additional resonances, 

(ii) the /o(1500), 
the /j(1710), 

both the /o(1500) and the /j(1710). 

The fit to the data is shown in Fig. ^ for case (i): the Breit-Wigner shape for the /2(1270), 
the polynomial for background processes and the sum of these are indicated. 

The parameters of all fits are summarised in Table |l], including the number of events 
fitted for the glueball candidate signals. For the fit including the /2(1270) alone, the 
of 75 for 76 degrees of freedom is already very good. The per degree of freedom hardly 
changes with the addition of glueball signals. The fits including the /j(1710) were also 
performed for J = 2. The results of these fits were essentially the same as for the J = 
case. 

The width of the Breit-Wigner function fitted for the /2(1270) is in all cases in 
agreement with the world average value of 185.5^1? MeV/c^ The fitted mass of 
~1214 MeV/c^ in each case is not consistent with the established value of 1275.0 ± 
1.2 MeV/c^ [H, however. This has been previously observed by the MARKII and CELLO 



collaborations [|T^] and is believed to be caused by interference of the spin 2 resonant 
amplitude with other components in the background. 

Limited knowledge of the trigger efficiency for this topology prevents an investigation 
of interference effects using the measured angular distribution. The number of events 
fitted for the /o(1500) signal is negative, but consistent with zero. Data from the WA76 
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Figure 2: (a) The fit to data with a Breit-Wigner function for the /2(1270) (dot-dash hne), a polynomial 
for the background (dashed line) and the combination of these functions (solid line); and (b) the data 
after subtraction of the fitted curve. Error bars indicate statistical errors only. 



Table 1: Table of parameters for fits using the Breit-Wigner form of Eqn.|i| for resonances. 





(i) Fit for /2(1270) only 




74.96 


Degrees of freedom 


76 


Fitted mass of /a (1270) ( MeV/c^) 


1213.5 ±3.7 


Fitted width of /2(1270) ( MeV/c^) 


178.3 ± 12.8 




(ii) Fit for /a (1270) + /o(1500) 




73.33 


Degrees of freedom 


75 


Fitted mass of /a (1270) ( MeV/c^) 


1214.1 ±3.8 


Fitted width of ^(1270) ( MeV/c^) 


173.9 ± 13.8 


No. of /o(1500) signal events 


-808.3 ±602.6 




(iii) Fitfor /2(1270)±/j(1710) 


x' 


74.02 


Degrees of freedom 


75 


Fitted mass of /a (1270) ( MeV/c^) 


1213.9 ±3.9 


Fitted width of /a (1270) ( MeV/c^) 


180.2 ± 15.9 


No. of /j(1710) signal events 


468.3 ±476.6 




(iv) Fit for /2(1270) ± /o(1500) ± /j(1710) 


x' 


73.21 


Degrees of freedom 


74 


Fitted mass of /2(1270) ( MeV/c^) 


1214.2 ±3.8 


Fitted width of ^(1270) ( MeV/c^) 


175.5 ± 14.2 


No. of /o(1500) signal events 


-671.0 ±690.0 


No. of /j(1710) signal events 


198.6 ±541.9 
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and WA102 collaborations ^Tj and recent calculations suggest interference effects in 
this region can cause the /o(1500) to appear as a dip in the spectrum. However, here 
limits are set assuming no interference. 

The CELLO collaboration has reported possible structure in the tt^tt^ invariant mass 
spectrum around 1.1 GeV/c^ |l^. If the fit of case (i) is repeated but excluding a region 
around 1.1 GeV/c^, a clear excess of data over the fitted curve extrapolated through that 
region can be seen (Fig. ^). The excess can be described by the introduction of another 
spin resonance of apparent mass ~1.1 GeV/c^ and total width ~250 MeV/c^ (Fig. ||b). 




Figure 3: The fit to data is shown with a Breit-Wigncr function for the /2(1270) (dot-dash Hne), a 
polynomial for the background (dashed line) and the sum of these functions (solid line), where (a) the 
region around 1.1 GeV/c^ is excluded from the fit - the extrapolation of the fit through the excluded 
region is indicated by the dotted line; and (b) a second Breit-Wigner function has been introduced around 
1.1 GeV/c^ (shaded region) and is included in the total fit (solid Hne). All error bars indicate statistical 
errors only. 



6 • B7l{7T+7T-) for /o(1500) and /j(1710) 

The fitted numbers of signal events from the processes 77 — /o(1500) tt+tt^ and 
77 /j(1710) 7r+7r~ are used to calculate upper limits on F^^ ■ i37^(7r+7r^) for both 
resonances. 

The trigger efficiency is calculated as a function of invariant mass by comparing rates of 
independent triggers for 7t~^7i~ selected data. In the 1500 MeV/c^ mass region the average 
trigger efficiency is (66 ± 7)%, while for the 1700 MeV/c^ mass region it is (77 ± 7)%. 
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The acceptance and selection efficiency for 77 — /o(1500) vr+vr and for 77 
/j(1710) ^ vr+TT- are determined from Monte Carlo to be (17.5±0.4)% and (16.3±0.4)%, 
where the quoted errors include the systematic error due to the simulation of the detector 
(checked by varying the resolution on measured quantities used in the event selection) 
and the error due to Monte Carlo statistics. 

The product branching ratio, F^^ ■ BTZ{'k^ti~), of each resonance is calculated directly 
from the ffited number of signal events in each of the cases (ii)-(iv). The fitted value of 

■ B7l{n~^7i~) (which may be negative) and its error are used to define the mean and 
width of a Gaussian distribution: the area under the Gaussian is integrated above zero 
to obtain the 95% C.L. limit on F^^ ■ BTZ{'k^'k^). 

The upper limits on the product branching ratios at 95% C.L. are, for the individual 
fits, ■ i37^(7^+7r-) < 0.25 keV and V^^ ■ Bni^n+n-) < 0.59 keV for the /o(1500) and 
/j(1710) respectively, and for the combined fit are T^^ ■ BTZ^n^n^) < 0.31 keV and 

■ BTZ^n^n^) < 0.55 keV for the /o(1500) and /j(1710) respectively. If an additional 
spin resonance with a fixed mass of 1.1 GeV/c^ (as discussed in section 5) is included 
in the combined fit, the limit on the product branching ratio for the /o(1500) worsens by 
-30% and for the /j(1710) tightens by -10%. 

The analysis was repeated using the same Breit-Wigner form for the resonances but 
with an alternative expression for the mass-dependent width that has been used in some 
previous experimental resonance studies pO[| : 

9 . 



r(.") = r, . ■ (3) 



1 + 



The fitted parameters and numbers of signal events are given in Table The per 
degree of freedom for each of these fits is considerably worse than for the original ffis. 

The upper limit on F^^ ■ BTZ^n^n^) for the case when only the /o(1500) is included is 
0.33 keV, and for the /j(1710) only is 0.84 keV. For the case including both resonances, 
the upper limits are 0.28 keV and 0.69 keV for the /o(1500) and the /j(1710) respectively. 
These limits are consistent with the original results. 



7 Stickiness 



From limits on F^^ the stickiness pT| of each resonance can be calculated, by comparison of 



the two photon width with the particle's width for production in the glue-rich environment 
of radiative J/tp decay. The ratio is normalised such that the qq resonance /2(1270) has 
stickiness equal to 1. Then for a glueball a higher value of stickiness is expected. 
Stickiness for a 0^"*" resonance X is defined as 

kj/^^yx F(A ^ 77) 

where nix is the mass of the resonance; kj/^^^x = ij^l/^ ~ ^'x) I'^i^i/ip is the energy of 
the photon from the radiative ^/if) decay, measured in the ^/ip rest frame; F(J/'?/' 7X) 
is the width for production of the resonance in radiative ^/if) decay; and M is the 
normalisation factor. The branching ratio for /o(1500) tt+tt^ is taken as 0.30 ± 0.07, 
while the branching ratio for /j(1710) tt+tt^ is 0.026to;o5g H, giving, from the fit for 
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Table 2: Table of parameters for fits using an alternative expression for the mass-dependent width of 
all resonances. 





(i) Fit for /a (1270) only 




108.36 


Degrees of freedom 


76 


Fitted mass of /2(1270) ( MeV/c^) 


1216.2 ± 18.5 


Fitted width of /2(1270) ( MeV/c^) 


221.3 ± 18.2 




(ii) Fit for /2(1270) + /o(1500) 


x' 


88.48 


Degrees of freedom 


75 


No. of /o(1500) signal events 


-1549.4 ±901.9 




(ill) Fit for ./2(1270) + /,y(r710) 


x' 


89.81 


Degrees of freedom 


75 


No. of /j( 1710) signal events 


1019.8 ±475.6 




(iv) Fit for /2(1270) ± /o(1500) ± /j(1710) 


x' 


87.51 


Degrees of freedom 


74 


No. of /o(1500) signal events 


-1242.8 ± 741.1 


No. of /j(1710) signal events 


485.2 ± 576.0 



both resonances, r(/o(1500) ^ 77) = 1.08 keV and r(/j(1710) ^ 77) = 21.25 keV. 
The lower limits on stickiness are then 1.4 and 0.3 for the /o(1500) and the /j(1710) 
respectively. 

8 Conclusion 

Production of the glueball candidates /o(1500) and /j(1710) in 77 coUisions at LEPl has 
been studied via decay to tt^tt". No signal from either resonance is seen, and the upper 
limits on the product of two-photon width and ti^-k' branching ratio have been calculated 
as ■ i37^(7^+7^-) < 0.31 keV for the /o(1500) and F^^ ■ i37^(7^+7^-) < 0.55 keV for the 
/j(1710), both at 95% C.L., from a simultaneous fit for both resonances. 

Acknowledgements 

We wish to thank our colleagues from the accelerator divisions for the successful operation 
of LEP. We are indebted to the engineers and technicians at CERN and our home 
institutes for their contribution to the good performance of ALEPH. Those of us from 
non-member countries thank CERN for its hospitality. 

References 



8 



[1] UKQCD Collaboration, A Comprehensive Lattice Study of SU(3) Glueballs, Phys. 
Lett. B309 (1993) 378. 

[2] J. Sexton, A. Vaccarino and D. Weingarten, Phys. Rev. Lett 75 (1995) 4563. 

[3] A. Szczepaniak, E.S. Swanson, C.-R. Ji and S.R. Cotanch, Phys. Rev. Lett 76 (1996) 
2011. 

[4] Particle Data Group, Eur. Phys. J. C3 (1998) 1. 

[5] For example, C. Amsler and F.E. Close, Phys. Rev. D53 (1996) 295. 

[6] WA102 Collaboration, A partial wave analysis of the centrally produced K^K~ and 
K^K^ systems in pp interactions at 450 GeV/c, Phys. Lett. B453 (1999) 305. 

[7] ALEPH Collaboration, ALEPH: A Detector for Electron- Positron Annihilations at 
LEP, Nucl. Instrum. Meth A294 (1990) 121. 

[8] ALEPH Collaboration, Performance of the ALEPH Detector at LEP, Nucl. Instrum. 
Meth A360 (1995) 481. 

[9] ALEPH Collaboration, An Experimental study of — >• hadrons at LEP, Phys. Lett. 
B313 (1993) 509. 

[10] S. Jadach, B.F.L. Ward and Z. W§s, Comp. Phys. Comm. 79 (1994) 503. 

[11] T. Sjostrand, Computer Phys. Commun. 82 (1994) 74. 

[12] R. Decker, S. Jadach and Z. Was, Comp. Phys. Comm. 76 (1993) 361. 

[13] CLEG Collaboration, Further Search for the Two-Photon Production of the Glueball 
Candidate /j(2220), Phys. Rev. Lett. 81 (1998) 3328. 

[14] A. Donnachie, private communication. 

[15] BES Collaboration, Structure Analysis of the /j(1710) in the Radiative Decay 
J/i/j ^K+K-, Phys. Rev. Lett 77 (1996) 3959. 

[16] J. Boyer et al. (MARK II Collaboration), Two-Photon Production of Pion Pairs, 
Phys. Rev. D42 (1990) 1350; J.E. Olsson, in Proc. of 5th Intern. Colloquium on 
Photon Photon Collisions (1983) Aachen. 

[17] WA76 Collaboration, Study of the Centrally Produced Tin and KK Systems at 85 
and 300 GeV/c, Z. Phys. C51 (1991) 351; WA102 Collaboration, A Partial Wave 
Analysis of the Centrally Produced tt'^tt^ System in pp Interactions at 450 GeV/c, 
Phys. Lett. B453 (1999) 324. 

[18] A.V. Anisovich, V.V. Anisovich, Phys. Lett. B467 (1999) 289. 

[19] CELLG Collaboration, An Experimental Study of the Process 77 Tr"*"?!", Z. Phys. 
C56 (1992) 381. 



9 



[20] OMEGA Photon Collaboration, Comparison of Photon and Hadron Induced 
Production of Mesons in the Energy Range 65 to 175 GeV, Z. Phys. C53 (1992) 
581. 

[21] M. Clianowitz, in Proc. of the VI Intern. Workshop on Photon-Photon Collisions 
(1984) Lake Tahoe. 



10 



